Pentameric ligand-gated ion channels (pLGICs) are essential determinants of synaptic 28 transmission, and are modulated by specific lipids including anionic phospholipids. The exact 29 modulatory effect of anionic phospholipids in pLGICs and the mechanism of this effect are not 30 well understood. Using native mass spectrometry, coarse-grained molecular dynamics 31 simulations and functional assays, we show that the anionic phospholipid, 1-palmitoyl-2-oleoyl-32 phosphatidylglycerol (POPG), preferentially binds to and stabilizes the pLGIC, Erwinia ligand-33 gated ion channel (ELIC), and decreases ELIC desensitization. Mutations of five arginines located 34 in the interfacial regions of the transmembrane domain (TMD) reduce POPG binding, and a 35 subset of these mutations increase ELIC desensitization. In contrast, the L240A mutant known to 36 decrease ELIC desensitization, increases POPG binding. The results support a mechanism by 37 which POPG stabilizes the open state of ELIC relative to the desensitized state by direct binding 38 at specific sites. 39 40 42 transmission, and the targets of many allosteric modulators including general anesthetics and 43 anti-epileptics (1). These ion channels are embedded in a heterogeneous and dynamic lipid 44 environment (2), and the presence of specific lipids fine-tunes the function of pLGICs and may 45 play a role in regulating neuronal excitability and drug sensitivity (3-5). One nearly ubiquitous 46 example is that of anionic phospholipids, which are known to modulate pentameric ligand-gated 47 ion channels (pLGICs) such as the nicotinic acetylcholine receptor (nAchR) (6), as well as inward 48 rectifying potassium channels (7), K(2P) channels (8), voltage-gated potassium channels (9, 10), 49 and cyclic nucleotide-gated channels (11). In pLGICs, anionic phospholipids have been shown to 50 shift the conformational equilibrium of the channel from an uncoupled or desensitized state to a 51 resting state, in which agonist binding is effectively coupled to channel activation (12)(13)(14).
Introduction
analyzed the sample using tandem MS. This revealed multiple PE and PG phospholipids with different acyl chains that mirror the phospholipids extracted from E. coli membranes (Supplementary Table 1 ). Quantification of the MS intensities for PG relative to PE species yielded indicates no difference in mole fraction between the bulk and the boundary.
The average number of boundary phospholipids was 31.6 ± 2.5 (±SD) across all compositions, and the total did not vary systematically with membrane composition. Therefore,
141
we assumed that the stoichiometries of binding for these phospholipids to ELIC are similar, and 142 fit the native MS binding data for each phospholipid to a binomial distribution binding model with 143 32 binding sites of equivalent affinity (see Methods). While this is an oversimplification of 144 phospholipid binding to ELIC in a membrane, it provides a reasonable approximation to the MS 145 data, and reveals that POPG binds to ELIC with ~1.9x and 2.8x higher affinity than POPE and 146 POPC, respectively ( Supplementary Fig. 4 ). Overall, we conclude that POPG binds to ELIC with 147 higher affinity than POPE or POPC, resulting in POPG enrichment of annular phospholipids as 148 seen in the coarse-grained MD simulations.
150
Selective effect of POPG on ELIC stability and function
151
To determine the effect of POPG binding on ELIC, we first tested the stability of purified, 152 delipidated ELIC in C10E5 against thermal denaturation in the absence and presence of POPG 153 (33) . ELIC was heated to a temperature that resulted in 85% decrease in the amplitude of the 154 pentamer peak as assessed by size exclusion chromatography (32 o C for 15 min). POPG 155 significantly increased the thermal stability of 1 µM ELIC with an EC50 (concentration of POPG for 156 50% effect) of 52 µM (Fig. 3A) . The thermal stabilizing effect of a phospholipid was defined as the at this concentration, extrapolation of POPG binding and relating this extrapolation to the thermal stabilizing effect provides an approximation of the number of bound POPG needed to stabilize 166 ELIC against thermal denaturation. Supplementary Figure 5 shows a relationship between the 167 number of bound POPG and the stabilizing effect, which was derived by equating the POPG 168 concentration from the functions of POPG binding (Fig. 1C ) and thermal stability data (Fig. 3A ).
169
The relationship estimates that 32 POPG (number of annular lipids in ELIC from MD simulations) 170 yields ~82% of the thermal stabilizing effect ( Supplementary Fig. 5 ).
recordings were performed with 0.5 mM BaCl2 in the pipette and bath, which is predicted to result 177 in an increase in the EC50 of cysteamine response (34). Near saturating currents were achieved 178 at 30 mM cysteamine at which ELIC activated and desensitized with time constants of 134 ms 179 and 1.9 s, respectively ( Fig. 3C and 3D, Table 1 , Supplementary Fig. 6B ). These values are 180 comparable to previous reports of outside-out patch-clamp recordings in HEK cells or oocytes 181 (35, 36) . ELIC desensitization showed complex kinetics where the majority of recordings were 182 best fit with a double exponential and some by a single exponential. to POPC ( Fig. 3F , Table 2 ). More strikingly, the rate of desensitization was more than 20-fold 202 faster in POPC liposomes, leading to a decrease in the lifetime of the open state ( Fig. 3E and 3F, 203 9, 38) . To test the hypothesis that this mechanism is present in a pLGIC, we mutated 213 all five arginines in the inner and outer interfacial regions of the ELIC TMD to glutamine ( Fig. 4A ).
214
Phospholipid binding was then assessed by delipidating each mutant in C10E5, and measuring 215 binding of POPG by native MS. While R123Q, R286Q, and R299Q could be stably delipidated, arginine mutants in combination with R299Q were expressed and delipidated (Fig. 4B ). In the 219 presence of 12 µM POPG, the single mutants showed moderate decreases (13-18%) in the 220 average number of bound POPG compared to WT (Fig. 4B ). This decrease was not statistically 221 significant. However, all double mutants significantly decreased the average number of bound 222 POPG relative to WT by 38-41% and relative to R299Q by 27-32% ( Fig. 4B ). These results
223
indicate that each interfacial arginine contributes approximately equally to POPG binding in ELIC.
224
It is likely that significant decreases in binding could only be appreciated in the double mutants 225 because of the variability in the data. To identify whether boundary POPG were localized around specific helices or residues, two- Figure 5A , POPG was more likely to interact with ELIC in the inner leaflet than the outer leaflet, 232 consistent with three out of five interfacial arginine residues being located on the intracellular 233 interface of the ELIC TMD. These three arginines are located on TM3 (R286) and TM4 (R299 and 234 R301). Contacts between POPG and all three of these residues are also visible in individual 235 frames of the simulation (Fig. 5B ). Moreover, POPG is more likely to be contacting the interfacial 236 residues in TM4 (such as R299 and R301) than accessible interfacial residues in any other helix 237 ( Fig. 5A ). The remaining two arginine residues are located at the TMD-ECD interface (R117 and 238 R123). POPG density in the outer leaflet localized to these residues at intrasubunit sites between 239 TM4 and TM1 or TM4 and TM3 (Fig. 5A ), and contacts between these residues and POPG 240 headgroups in the outer leaflet were also observed in snapshots from the MD simulations ( Fig (R117Q/R299Q, R301Q/R299Q) also showed a significant increase in the rate of desensitization 259 ( Fig. 6 , Table 3 ). The effects observed in the double mutants approximate the sum of effects 260 observed in the single mutants. Only R286Q/R299Q did not affect the extent or rate of 261 desensitization (Fig. 6 , Table 3 ). The EC50 of cysteamine response and activation kinetics were 262 also measured for all mutants; only R117Q and R117Q/R299Q showed significantly lower EC50 263 and activation tau values compared to WT (Table 3 , Supplementary Fig. 7 
272
To confirm this finding in our system, we reconstituted ELIC L240A into giant liposomes for patch- To examine POPG binding, L240A was then de-lipidated in C10E5 for native MS. Interestingly,
273

275
L240A significantly increased POPG binding compared to WT at 12 µM POPG (~1.7x increase in 276 average number of POPG bound) (Fig. 7B ). 
Discussion
Recent structural and computational evidence suggests that lipids bind to pLGICs at anionic phospholipid, POPG, selectively binds to ELIC using native MS, thermally stabilizes the 282 channel, and decreases receptor desensitization. Overall, these data support the idea that lipid 283 binding directly affects receptor stability and function. Further, mutations of arginine residues that 284 reduce POPG binding also increase ELIC desensitization to varying degrees. While it is possible 285 that these arginine mutations increase desensitization through a mechanism other than their 286 effect on POPG binding, the correlation between binding and desensitization, and the finding that 287 the L240A mutation, which reduces desensitization, increases POPG binding affinity supports this 288 conclusion. Remarkably, the L240A mutation, which is located in the channel pore and remote 289 from the lipid interface ( Fig. 8) , appears to allosterically alter the affinity of ELIC for POPG. Lipids 
294
Membrane proteins including pLGICs are thought to determine their lipid 295 microenvironment by specific binding interactions (28, 44). Our native MS measurements provide 296 unique insights into phospholipid interaction with a pLGIC. First, we find that more POPG binds 297 to ELIC compared to POPE or POPC at equivalent concentrations, suggesting that POPG binds 298 to ELIC with higher affinity. This is supported by enrichment of POPG compared to POPE in 299 phospholipids that are co-purified with ELIC, and coarse-grained simulations which show determination of the stoichiometry and sites of lipid binding (32, 45). By relating binding 302 stoichiometry and thermal stability, the data estimate that 32 POPG lipids, which is the average 303 number of annular lipids in ELIC from MD simulations, results in greater than 80% of the stabilizing 304 effect against thermal denaturation ( Supplementary Fig. 5 ). This suggests that maximal thermal 305 stability is achieved when the entire ELIC transmembrane domain (TMD) is surrounded by POPG.
306
Although five interfacial arginine residues were identified to contribute to POPG binding in ELIC
307
(25 arginines total), it is conceivable that each arginine side chain may interact with more than 308 one phospholipid headgroup or that other sites exist. adjacent to TM4, which increase ELIC desensitization, and R286 at the subunit interface (salmon), which has no effect on desensitization. L240 (red) faces the pore. (B) Image from coarse-grained simulations with 50% POPG showing two adjacent ELIC subunits and the mutated arginine side chains (R117, R123, R299 and R301 in magenta; R286 in salmon). Also, shown are all POPG lipids making contacts with the TMD in this snapshot.
To quantify the effect of the ELIC double mutants on specific POPG binding sites, we also fit the native MS binding data for the double mutants to a binomial binding model using the 311 dissociation constant for POPG binding to WT and varying the number of available sites. POPG 312 binding to the double mutants was best fit with a reduction in the number of available sites from 313 32 in WT to 18-21 in the mutants ( Supplementary Fig. 4) . Given the ~35-45% decrease in bound 314 phospholipid with each double mutant (mutation of two out of five arginines), we conclude that 315 phospholipid binding at these residues constitute the highest affinity sites. This is indeed 316 consistent with the POPG densities from the coarse-grained simulations, which show discrete 317 enrichment of POPG lipids adjacent to these residues. Disruption of binding sites by mutation of 318 these arginines may not prevent the occupancy of lipids at these sites per se, but may alter the 319 lipid binding modes or occupancy times at these sites.
320
Previous studies examining the effects of lipids on pLGIC function found that nAchR and 321 ELIC are inactive in POPC-only membranes (6, 15, 30) , and it was proposed that this is due to 
343
which are localized to the extracellular and intracellular sides of TM4 (Fig. 8) , are likely important 344 in mediating the effect of POPG on ELIC desensitization. Examination of boundary POPG from making contacts with all of these arginine side chains, and illustrates potential binding modes for 347 the acyl chains (Fig. 8B) . For example, boundary POPG with headgroups that interact with R301 348 or R299 have acyl chains that make contacts with intrasubunit sites along the intracellular side of 349 TM4 (Fig. 8B and 5B) . R301, which has the largest effect on desensitization when mutated, is 350 conserved among many mammalian pLGICs including GABAAR and nAchR isoforms, and R299 351 is adjacent to R301 at the bottom of TM4. Mutations in this region of TM4 have profound effects 352 on pLGIC desensitization (48, 49, 52, 53) . R117 and R123 are located at the extracellular end of 353 TM4, and boundary POPG with headgroups that interact with these residues have acyl chains 354 that make contacts with intrasubunit sites on both sides of TM4 ( Fig. 8B and 5B ). Sites equivalent 355 to R117 and R123 in GLIC were previously found to be occupied by a phospholipid and 356 docosahexaenoic acid (DHA), respectively (24, 25). The polyunsaturated fatty acid, DHA, was 357 found to increase desensitization in GLIC (25). Therefore, it is possible that the exact lipid 358 structure occupying these sites results in different effects. Our results raise the hypothesis that
In summary, the anionic phospholipid, POPG, decreases desensitization in the pLGIC,
362
ELIC. POPG specifically binds to and stabilizes ELIC by interacting with interfacial arginine 363 residues. Our results strongly suggest that binding of POPG at specific sites modulates receptor collected by ultracentrifugation, resuspended in Buffer A, solubilized in 1 % DDM (Anatrace,
377
Maumee, OH), and incubated with amylose resin (New England Biolabs, Ipswich, MA) for 2 hours.
378
The resin was washed with 20 bed volumes of Buffer A, 0.02% DDM, 0.5 mM tris(2- 
where n is the number of bound lipids and In is the deconvoluted peak height of ELIC with n bound which assumes that there are N sites each with equal affinity, K. The probability, p, that a site is p =
Then, the probability (B) that q sites are occupied out of N total sites is given by the binomial 417 probability function: 
476
where A1 and A2 are the weighted coefficients of the first and second exponential components.
477
The reported weighted average time constants are averages of weighted time constants from 478 double exponential fits and time constants from single exponential fits. Peak cysteamine dose 479 response curves were fit to a Hill equation, keeping n constant at 2, which provided a reasonable
Stopped-flow fluorescence recordings
The fluorescence-based sequential-mixing stopped-flow assay was carried out with an SX20
with Ft, F∞, F0 being the fluorescence at time t, the final fluorescence and the initial fluorescence, 512 respectively. t is the time (in s), τ the time constant (in s) and β the stretched exponential factor. 513 kt is the calculated rate (in s -1 ) of Thallium influx at 2 ms.
514
The rate constants were averaged and the mean and standard deviations were 515 determined and plotted ( Fig 2F) . The experiments were repeated for each lipid composition using expression, respectively, were mixed with 1 ml chloroform, 2 ml methanol and 0.8 ml water, and 524 vortexed for 1 min, followed by an additional 1 ml chloroform and 1 ml water, and vortex for 3 min.
525
The samples were centrifuged for 3 min at 500 x g, and the lower organic phase removed for 526 analysis, using a Thermo Scientific LTQ Orbitrap Velos mass spectrometer. Lipid extracts were 527 loop injected (1.5 µl/min) using a syringe pump that delivered a continuous flow of methanol at 15 528 µl/min into the ESI source. High resolution (R = 100,000 at m/z 400) MS and MS/MS analyses 529 were performed in negative ion mode. The skimmer of the ESI source was set at ground potential, 530 electrospray voltage 4 kV, capillary temperature 300 o C, AGC target 5 x 10 4 , and maximum POPE used the Parrinello-Rahman barostat, and membranes consisting of POPC used the the compressibility 3x10 -4 bar -1 , and the pressure coupling constant 1 ps.
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Annular lipids were determined using the annular lipid metric B: 
788
number of bound POPG derived from equating concentration of POPG from the sigmoid functions 789 used to fit the POPG binding ( Fig. 1B) and thermal stability data ( Fig. 2A) . The resulting 790 relationship is: S = 1 1+(13.7 P) ⁄ 1.7 , where P is the average number of bound POPG and S is the 791 normalized thermal stabilizing effect.
